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Abstract:

Renowned for its organic richness, unconventional shale presents both unique challenges
and opportunities for hydrocarbon extraction and various geo-engineering applications,
owing to its complex storage, flow, and stimulation properties. It is essential, from a
multidisciplinary perspective, to characterize the rock physics response and construct rock
physics model for unconventional shale reservoirs. A maturity-constrained rock physics
modeling method for shales, in conjunction with geochemical analyses, is proposed,
employing the stepwise homogenization method to quantify the scale-dependent elastic and
anisotropic behavior of laminated shales. Considering the complex pore structure of shale,
combined with the microscale effects of fluid transport, various forces, and microfracture
features, the multiphase fluid flow behavior can be accurately characterized. Then, from
the perspective of fracturing performance, it is necessary to develop a new fracability
evaluation model for unconventional shale reservoirs. This model integrates fracture
mechanics theory, the elastic and mechanical properties of rocks, fracturing operations,
reservoir geological characteristics, and in-situ stress to thoroughly evaluate fracability.
Unconventional petrophysicists must move beyond traditional hydrocarbon evaluation
to embrace interdisciplinary approaches, which requires comprehensive understanding
and characterization of the storage, flow, and stimulation capacities, thereby optimizing
development strategies and maximize resource utilization.

1. Introduction

Shale, a sedimentary rock rich in organic material, typically

illustrated in Fig. 1, it is imperative to consider both stor-
age capacity factors, such as porosity, fluid saturation, total

forms in low-energy sedimentary environments and is preva-
lent in global sedimentary basins. A detailed understanding
and characterization of shale are critical for various Earth
sciences, environmental studies, and geo-engineering applica-
tions (Zhao et al., 2023a). The advent of technologies such as
hydraulic fracturing and horizontal drilling has facilitated the
extraction of oil and gas from low-porosity, low-permeability
shale reservoirs. Notably, the United States has achieved
energy self-sufficiency through the shale revolution, driving
global interest in shale resource exploration. This shift is
transforming and will continue to reshape the global energy
landscape (Zou et al., 2021).

The characterization of shale is inherently complex. As

organic carbon content, organic matter maturity, and pore
pressure, and flow capacity factors, including permeability,
pore structure, natural fractures, and fluid viscosity. Addi-
tionally, evaluating in-situ stress, rock strength, heterogene-
ity, and brittleness/fracability is crucial as they reflect the
shale’s stimulation potential. These factors are interdependent,
with each potentially affecting multiple capacities. Therefore,
a comprehensive consideration of these aspects is essential
for better understanding and characterization of shale, which
will, in turn, optimize development strategies and enhance
the efficient exploitation of shale reservoirs. Multidisciplinary
efforts are evidently required to advance the rock physics
characterization of unconventional shale reservoirs.
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Fig. 1. Three critical aspects considering the efficient devel-
opment of shale reservoirs.

2. Integrated geochemistry and multi-scale
seismic rock physics

Establishing a rock physics relationship is crucial for link-
ing the geological characteristics of unconventional reservoirs
with their seismic responses, thus laying the groundwork for
seismic characterization of unconventional shale reservoirs.
The unique nature of organic shale lies in the fact that
it contains various amount of organic matter, the physical
properties of which strongly depend on the thermal maturity.
Additionally, the presence of multiscale heterogeneous laminar
structures, ranging from the micrometer to meter scale, results
in elastic and anisotropic responses that are typically scale-
dependent (Hart et al., 2013; Mokhtari et al., 2016). Fig. 2
schematically illustrates the rock physics modeling strategy
for unconventional shale reservoirs. It is evident that geo-
chemical evolution and step-wise upscaling approaches are
crucial for accurately characterizing the multi-scale elastic and
anisotropic responses of shale reservoirs.

The evolutionary characteristics of two types of organic
matter (kerogen and bitumen), organic porosity during ther-
mal maturation, and the elastic properties of organic matter
and fluids have been systematically investigated in Zhao et
al. (2023b). A joint geochemistry-rock physics model was
proposed to quantify the effects of thermal maturity (Vitrinite
reflectance, %Ro) on the elastic signatures the inorganic frame
and fluid-filled porous organic matter, as well as their elastic
interactions (Fig. 2(a)). Geological factors and reservoir prop-
erties at varying maturity levels distinctly impact the elastic
and anisotropic behaviors of shale at the microscale, thereby
influencing the elastic parameters at the core scale. As shown
in Fig. 2(c) and 2(d), under the framework of multiscale
homogenization, a rock physics model can be established to
characterize the elastic and anisotropic properties of multiscale
laminar shales from core scale, well-logging scale, to seismic
scale. The elasticity simulation results from the preceding scale
serve as elastic inputs for the subsequent scale.

The integration of geochemistry and multiscale meth-

ods provides a reliable approach to characterize the scale-
dependent elastic responses of shale reservoirs at varying
maturity stages.

3. Multi-phase fluid flow

Due to the complex pore structure of shale reservoirs with
abundant nano/micropores, the microscale effects on fluid flow
within the shale are significant. Microscale effects refer to the
phenomena where the fluid flow behavior at the micron scale
differs significantly from traditional macroscopic flow, and
conventional fluid mechanics equations are inapplicable (Qin
et al., 2024). Compared to the macroscopic scale, microscopic
interaction forces (such as van der Waals forces and elec-
trostatic forces) are significant at the microscopic scale. The
microscale effects of fluid transport are primarily manifested
in slip velocity, heterogeneous density and viscosity. There-
fore, establishing a relative permeability model that accounts
for fluid slip, microscopic oil-water distribution, and het-
erogeneous viscosity is crucial for characterizing multiphase
fluid flow behavior (Wang et al., 2019). Additionally, unlike
single-phase fluids, two-phase systems exhibit liquid-liquid
interfacial slip velocity in addition to liquid-solid slip, which
significantly impacts the flow capacity of two-phase fluids and
cannot be ignored (Zhan et al., 2020; Xu et al., 2022). Due to
tectonic stress, shale reservoirs are also rich in microfractures.
Fracture roughness, fracture shape, and fracture tortuosity
could affect the flow behavior of multiphase fluids within the
fractures. It is necessary to comprehensively consider the fluid
exchange mechanisms within the pore-fracture system.

In addition to microscopic forces, the multiphase fluid flow
in shale is influenced by capillary force, elastic driving force,
and shear force. The complex pore topology further results
in the existence of corner flow, piston-like displacement,
and snap-off (Luo et al., 2018; Wang et al., 2018; Xiao et
al., 2018). It is necessary to consider microscale effects and
the interplay of multiple forces to revise the pore-scale mul-
tiphase fluid transport equations. This approach characterizes
the multiphase fluid distribution, velocity variations, relative
permeability changes, and capillary pressure parameters within
multimineral shale formations. This can provide key parame-
ters (such as relative permeability and capillary pressure) for
multiphase multiscale macroscopic numerical simulations that
couple microscale effects.

4. Fracability evaluation

The assessment of shale reservoir fracability is crucial for
identifying candidate zones that ensure optimal post-fracturing
productivity and plays a key role in the design of fractur-
ing operations. Traditionally, evaluating reservoir fracability
has predominantly relied on brittleness indexes (Meng et
al., 2021). These indexes focus primarily on intrinsic rock
failure characteristics, offering limited insight into fracture
propagation processes and the interactions between fluids
and the rock matrix. Consequently, numerous studies have
highlighted that brittleness indexes alone may not accurately
evaluate fracability.

Hydraulic fracturing aims to create fractures within the
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Fig. 2. Three critical aspects considering the efficient development of shale reservoirs.
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Fig. 3. Suggested fracability model based on fracturing per-
formance. (a): Fy, index representing rock’s ability to create
larger fracture areas, (b): F,, index signifying rock’s ability to
generate complex fracture networks, (c): Fj, index reflecting
the influence of minimum in-situ stress on fracturing

formation, induce complex crack networks, and enhance reser-
voir permeability to release trapped oil and gas resources.
Therefore, the evaluation of shale reservoir fracability should
be based on ultimate fracturing performance, considering both
rock failure and fracture propagation processes. As shown in
Fig. 3, the proposed fracability assessment model encompasses
three key factors: The rock’s capacity to generate fracture
surface area during fracturing, the ability to develop a complex
fracture network, and the influence of in-situ stress. Integrating
these factors allows for a comprehensive evaluation of the
reservoir’s fracturing potential, offering valuable guidance for
optimizing fracturing design.

5. Integrated petrophysics evaluation

Integrated petrophysical evaluation has become a crucial
component in the assessment and development of unconven-
tional shale reservoirs. Accurate petrophysical characteriza-
tion—including maturity constraints, shale mobility assess-
ment, rock mechanics, geomechanical characterization, and
reservoir fracability evaluation—is essential. Integrating these
factors allows for a comprehensive understanding and char-
acterization of the storage, flow, and stimulation capacities
of unconventional reservoirs, thereby optimizing development
strategies to address complex challenges and maximize re-
source utilization. Thus, innovative petrophysical methods and
workflows are required, and unconventional petrophysicists
must move beyond traditional hydrocarbon evaluation to em-
brace interdisciplinary approaches.

A multidisciplinary integrated petrophysics evaluation
workflow for a typical tight gas reservoir was developed by
Spain et al. (2015). This approach emphasizes key petrophysi-
cal characterizations, including the reservoir’s storage capacity
(total porosity, porosity thickness), flow capacity (flow units,
effective gas permeability thickness), and stimulation capac-
ity (minimum horizontal stress curve calibrated with after-
closure analysis data). By integrating various data types and
analytical techniques, this workflow provides a comprehensive
understanding of reservoir properties. Such an approach not
only improves the accuracy of petrophysical models but also
optimizes development and production strategies for uncon-
ventional reservoirs.
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